The endosomal sorting complex required for transport (ESCRT-I) is a 350-kDa complex of three proteins, Vps23, Vps28, and Vps37. The N-terminal ubiquitin-conjugating enzyme E2 variant (UEV) domain of Vps23 is required for sorting ubiquitinated proteins into the internal vesicles of multivesicular bodies. UEVs are homologous to E2 ubiquitin ligases but lack the conserved cysteine residue required for catalytic activity. The crystal structure of the yeast Vps23 UEV in a complex with ubiquitin (Ub) shows the detailed interactions made with the bound Ub. Compared with the solution structure of the Tsg101 UEV (the human homologue of Vps23) in the absence of Ub, two loops that are conserved among the ESCRT-I UEVs move toward each other to grip the Ub in a pincer-like grasp. The contacts with the UEV encompass two adjacent patches on the surface of the Ub, one containing several hydrophobic residues, including Ile-8 Ub , Ile-44 Ub , and Val-70 Ub , and the second containing a hydrophilic patch including residues Asn-60 Ub , Gln-62 Ub , Glu-64 Ub . The hydrophobic Ub patch interacting with the Vps23 UEV overlaps the surface of Ub interacting with the Vps27 ubiquitin-interacting motif, suggesting a sequential model for ubiquitinated cargo binding by these proteins. In contrast, the hydrophilic patch encompasses residues uniquely interacting with the ESCRT-I UEV. The structure provides a detailed framework for design of mutants that can specifically affect ESCRT-I-dependent sorting of ubiquitinated cargo without affecting Vps27-mediated delivery of cargo to endosomes.
Ubiquitination serves as a general mechanism for regulating protein localization and destiny in eukaryotic cells. This mechanism involves conjugation of the 76-residue polypeptide ubiquitin (Ub) 1 to the ⑀-amino group of lysine residues on target proteins. The conjugation occurs by means of a sequential series of thiolester-bound intermediates involving the E1, E2, and E3 enzymes and results in proteasomal, nuclear, and endosomal targeting, depending upon the protein and the nature of the ubiquitination. Whereas proteasomal targeting requires attachment of a chain of at least four ubiquitins linked by isopeptide bonds between the C terminus of one Ub and Lys-48 of the next (1, 2), mono-ubiquitination is sufficient for endosomal targeting. Ubiquitination regulates internalization and/or MVB sorting of many transmembrane proteins, such as receptor tyrosine kinases (RTKs), G-protein coupled receptors, ion channels, transporters, and permeases (reviewed in Refs. [3] [4] [5] [6] . Ub-mediated endocytosis of RTKs is a principle mechanism for their down-regulation (7) . Although mono-ubiquitination of RTKs is sufficient for endocytosis, several RTKs are monoubiquitinated at multiple sites (8, 9) , potentially changing the dynamics of endocytosis. For yeast uracil permease, monoubiquitination is sufficient for endocytosis, but Lys-63-linked polyubiquitination seems to stimulate the process (10) . The role of ubiquitination in endocytosis is not limited to initial internalization of proteins from the plasma membrane. Once proteins are localized to endosomal membranes, ubiquitination serves to sort proteins into internal vesicles within the endosomes through inward budding-forming structures known as multivesicular bodies (MVBs). The late endosomes containing MVBs eventually fuse with lysosomes to degrade the internal vesicles and their protein cargo (11) .
In yeast, sorting into MVBs involves the endosomal-sorting complex required for transport (ESCRT-I). This 350-kDa complex is made up of three proteins, Vps23, Vps28, and Vps37 (12, 13) . The mammalian homologue of Vps23, the tumor susceptibility gene (Tsg101), is also part of a 350-kDa complex that binds Ub and mediates the sorting of ubiquitinated proteins into vesicles (13, 14) ; however, the mammalian homologue of Vps37 has not yet been identified. Both Vps23 and Tsg101 have an N-terminal domain known as a Ub-conjugating enzyme E2 variant (UEV) (15, 16) . UEVs are homologous to E2 ligases but lack a cysteine necessary for catalysis (17) . Compared with the E2 ligases, the UEVs form only a small family of proteins, with only a few representatives in the human genome (Figs. 1 and 2). One of the genes (UEV-1 or Croc-1) encodes several splice variants. The UEVs constitute an ancient protein family with a conserved structure, which is related to but distinct from the E2 ligases (15, 16, 18) . The first characterized UEVs, UEV-1A (Croc-1A) and Mms2, form complexes with the E2 ligase Ubc13, which function with the E3 ring proteins TRAF6 and Rad6, respectively, to catalyze the assembly of Lys-63-linked polyubiquitin chains (19 -21) . UEVs can occur as single-domain proteins, as in the case of Mms2, or within multi-domain proteins, such as the human UEV-1B and UEV3, which are fused to fatty-acid hydrolase (22) and lactate dehydrogenase domains (23), respectively. Vps23 homologues having an N-terminal * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The UEV domain are conserved in eukaryotes from yeasts to mammals. The UEV domain of Vps23/Tsg101 is necessary for the sorting of ubiquitinated cargo to MVBs (12, 24) and for viral budding in mammalian cells (25) (26) (27) .
In addition to binding ubiquitinated cargo, the Vps23 UEV domain interacts with Vps27, the yeast homologue of the mammalian Hrs, by means of PTVP and PSDP motifs in the Vps27, and this interaction recruits ESCRT-I to endosomal membranes (28, 29) . The PTVP and PSDP motifs of Vps27 are analogous to a PSAP motif in Hrs that interacts with the Tsg101 UEV domain (30 -32) . The Tsg101 UEV domain is also able to recognize a PTAP motif from the late domain p6 protein of HIV-1 Gag, and this PTAP binding is necessary for efficient viral budding (25, 26) . The interaction between the Tsg101 UEV and the HIV-1 p6 protein seems to recruit the ESCRT complexes to the plasma membrane in a manner that mimics the recruitment of the ESCRT complexes to the early endosomes (reviewed in Rev. 33).
The UEVs are members of a set of structurally unrelated protein modules capable of specifically recognizing ubiquitinated proteins. Several modules, such as the UIM, UBA, CUE, and NZF domains, have been characterized recently (34 -42) . In most cases, the molecular details of the Ub/recognition module interaction have been indirectly inferred from site-specific mutagenesis or from NMR chemical shift changes in the recognition modules elicited by the addition of Ub. Two notable exceptions are the structures of CUE domain/Ub complexes (35, 36) and the structure of the Vps27 UIM domain/Ub complex (43) . We report here the 1.85 Å resolution x-ray crystal structure of the Vps23 UEV domain in a complex with Ub.
EXPERIMENTAL PROCEDURES
Plasmids-The sequence encoding the UEV domain of S. cerevisiae Vps23 (residues 1-161) was cloned into vector pOPCH using NdeIBamHI sites, resulting in a construct with an MAH 6 affinity tag immediately preceding residue Met-1. Cells were resuspended in buffer A (20 mM Tris, pH 8.0, 50 mM potassium phosphate, pH 8.0, and 100 mM NaCl) and disrupted with a French press. After ultracentrifugation, the supernatant was loaded onto a Ni 2ϩ -affinity column equilibrated with buffer B (Buffer A ϩ 15 mM imidazole) and eluted with an imidazole gradient. Fractions containing Vps23 UEV were pooled and diluted with an equal volume of buffer C (20 mM Tris, pH 8.0, 2 mM dithiothreitol), loaded onto a Q-Sepharose column, and eluted with a NaCl gradient. Fractions containing Vps23 UEV were pooled, concentrated, and purified by gel filtration on Superdex 75 16/60 equilibrated in buffer D (20 mM Tris, pH 7.4, 100 mM NaCl, and 5 mM dithiothreitol). The purified Vps23 UEV domain was concentrated to 78 mg/ml for crystallization screens.
Analytical Ultracentrifugation-Sedimentation equilibrium experiments were done in a Beckman Optima XLI analytical ultracentrifuge with Ti-60 rotor using interference and absorbance at 280 and 230 nm, at 10°C. The Vps23 UEV in 10 mM Hepes, pH 7.4, 50 mM NaCl was loaded into six-sector 12-mm path length cells at three different concentrations: 3, 18, and 470 M. The samples were spun at 22,000, 28,000 and 35,000 rpm until they reached equilibrium, as judged by the changes in the subsequent scans. Data were analyzed using UltraSpin software (available on the World Wide Web at www.mrc-cpe.cam. ac.uk). The Vps23 UEV was monomeric at loading concentrations of 3 and 18 M. At the highest concentration used (470 M), higher order oligomers of ϳ90,000 Ϯ 10,000 were detected. The relative proportion of the oligomeric species decreased as the speed increased, suggesting that it was removed from the equilibrium, possibly by forming large oligomers that sedimented to the bottom of the cell.
Crystallization-Solutions for 1200 crystallization conditions were dispensed into reservoirs of 96-well crystallization plates (Corning, NY). Protein (100 nl) and reservoir (100 nl) solutions were added to the plates as sitting drops using a Cartesian robot (Genomics Solutions, Huntingdon, UK) and incubated at 17°C. The selenomethionine-substituted Vps23 UEV domain was mixed with bovine Ub (Sigma) at a 1:1.1 molar ratio. Optimal crystals were obtained in 22% polyethylene glycol 8000, 0.1 M 4-morpholineethanesulfonic acid, pH 6.5, and 0.2 M (NH 4 ) 2 SO 4 . Crystals used for data collection were grown by hair seeding in hanging drops containing 0.5 l of protein mixed with 0.5 l of reservoir solution. Crystals were cryoprotected by incubation over a reservoir containing mother liquor supplemented with 35% polyethylene glycol 8000 for at least 48 h; they were then frozen in a cryostream at 100 K.
Data Collection, Phasing, and Model Refinement-Data were collected at 100 K from crystals frozen in a nitrogen gas stream. Multiple anomalous dispersion (MAD) data sets were collected at the European Synchrotron Radiation Facility (ESRF) beamline ID14 -4 using an ADSC charge-coupled device (CCD) detector. Two additional crystals were used for data collection at single wavelengths: one at SRS beamline 14.1 using an ADSC CCD, and another at ESRF BM30A using a Mar CCD. Prior to MAD data collection at ID14 -4, a fluorescence spectrum for the crystal was obtained, and three data sets were collected at wavelengths corresponding to the fluorescence peak, inflection, and a high energy remote. Table I lists statistics for data collection. We were unable to locate the Se sites using either F A s derived from all three wavelengths or anomalous differences for the peak wavelength only. However, using a highly redundant, lower resolution single anomalous dispersion (SAD) data set collected at SRS 14.1, eight Se sites were readily located using the program SnB (44 -46) and subsequently refined with autoSHARP (47) . The greater efficiency of determining substructures with high multiplicity SAD data is a common observation (48, 49 using difference Fourier maps. The 2.3 Å resolution MAD phases were then refined by SHARP (Table I) . Solvent flattening was carried out with SOLOMON (50) and DM, using a solvent content of 44% as optimized by SHARP (Fig. 3A, left ). An initial model was built using Arp/warp (51) and refined by alternating rounds of refinement with CNS (52); manual rebuilding was carried out with the program O (53). A final 1.85 Å resolution data set was collected for a Se-Met substituted crystal at ESRF BM30A (Fig. 3A, right) . Final statistics for the 1.85 Å resolution model are given in Table I . There are no residues in the disallowed regions of the Ramachandran plot, and 92% of residues are in the most favored regions, as defined by PROCHECK. Residues 1-7, 73-79, and 110 -113 of the UEV are not visible in the electron density for the UEV domain, and the C-terminal residues 75-76 are not visible for the bound ubiquitin.
RESULTS AND DISCUSSION
Structure of the Vps23 UEV Domain-The Vps23 UEV domain was crystallized with Ub in a P2 1 2 1 2 1 unit cell with dimensions a ϭ 58.9, b ϭ 66.0, and c ϭ 69.3. The asymmetric unit of the crystal contains one Ub and one UEV domain. The UEV fold consists of a twisted four-stranded antiparallel ␤-sheet having a meander topology, with four ␣-helices packed against one face of the sheet (Fig. 3B) . The Vps23 UEV domain has greatly extended and twisted S1 and S2 strands (Fig. 3, B and C) to form a feature that has been referred to as the ␤-hairpin "tongue" (54). Our crystal structure of the Vps23 UEV/Ub complex suggests that this feature is important for Ub FIG. 2. Sequence alignment for selected UEV domains and the E2 ligase Ubc13. A, sequence alignments were based on PFAM and manually adjusted to reflect three-dimensional structural alignments where possible. Secondary structure elements are illustrated for the three UEVs having known structures, Vps23, Tsg101, and Mms2, and for Ubc13. Boxed residues indicate positions conserved among all UEVs. Red squares below the sequence denote residues in contact with Ub in the Vps23/UEV structure and residues in the Tsg101 UEV proposed to interact with Ub on the basis of changes in chemical shifts. Positions marked with green ovals identify residues shown to interact with the PTAP peptide in the Tsg101 UEV/PTAP peptide complex. A black square marks Met-85 Vps23 identified by mutagenesis as essential for Vps23 function (12) . The Tsg101 residues that were shown by mutagenesis to eliminate p6-PTAP binding in vitro or Hrs binding in vivo are highlighted by black ovals (31, 54) . The residue analogous to the catalytic cysteine of the E2 ligases (UBCs) is underlined. The vestigial active-site loop is indicated by a black line. The dashed lines in the secondary structure indicate residues disordered in the Vps23 UEV crystal structure. The species abbreviations are: Sc, S. cerevisiae; Sb, S. bayanus; Sm, S. mikatae; Hs, human; Dm, D. melanogaster; and Ce, C. elegans. B, the sequence and secondary structure of bovine Ub (identical to human Ub). The Ub residues interacting with the Vps23 UEV are marked with blue squares, and those interacting with Vps27 UIM-1 (43) are marked with pink ovals.
binding. Almost all of the intermolecular contacts within the crystal are between the UEV and the Ub. Because of crystal packing, the UEV also contacts a symmetry-related Ub in the vicinity of the PTAP-binding groove (see below), but this contact is unlikely to be functionally significant because it would be mutually exclusive of PTAP-peptide binding; it has been demonstrated that the Tsg101 UEV can bind a PTAP peptide and ubiquitin simultaneously (25, 54) . Equilibrium sedimentation analysis indicates that Vps23 UEV is monomeric in solution (see "Experimental Procedures").
Ubiquitin Is Grasped between the ␤-Hairpin Tongue and the "Lip"-The most extensive contacts between the Ub and the Vps23 UEV involve primarily two loops of the UEV, the ␤-hairpin tongue and the lip. The S1 and S2 strands of the Vps23 UEV twist around each other at the tip of the ␤-hairpin tongue so that strand S1 and the S1-S2 loop grasp one end of the Ub, whereas a loop that we will refer to as the lip (residues 120 Vps23 -126 Vps23 , flanked by the short helices H3Ј and H3 in the vestigial active-site loop) grasps the other end of the Ub molecule. This Ub-binding site comprises the most extensive interactions with Ub in the crystal structure. The Vps23 UEV/Ub interface buries a total surface area of 1319 Å 2 . The ␤-hairpin tongue and the lip contribute 67% of the interface, and almost all of the remainder of the interacting surface derives from other residues in the region between S4 and H3 (known as the vestigial active-site loop, see below). Most of the direct interactions between the UEV and the Ub are Van der Waals interactions (Fig. 4) . There are only four direct hydrogen bonds between the UEV and the Ub, and nearly all of these are UEV backbone to Ub side chain interactions. The only UEV side chain forming a hydrogen bond with Ub is Asn-123 Vps23 at the tip of the lip, which interacts with Thr-66 Ub . Much of the interface is composed of backbone atoms or small residues. The tip of the ␤-hairpin tongue (52 Vps23 -59 Vps23 ) has either small residues or larger residues, such as the strictly conserved Asp-56 Vps23 , with side chains directed away from the bound Ub, so that this structural element makes many Van der Waals contacts using its backbone atoms (Fig. 4) . This role of UEV backbone atoms involved in contacts with Ub is also seen in the lip. The tip of the lip contacts the N-terminal end of Ub strand ␤5, whereas backbone atoms from the Ub ␤3/␤4 turn (Ala-46 Ub and Gly-47 Ub ) slot between the ␤-hairpin tongue and the lip to rest on a hydrophobic platform formed by the side chains of residues Trp-125 Vps23 and Phe-52 Vps23 (Fig. 4) . Interactions of the Ub ␤3/␤4 loop with the C-terminal half of the lip include the completely conserved Gly-124 Vps23 . There are several watermediated interactions at the interface, including six waters that make direct interactions with both the Vps23 and the bound Ub. The abundance of weak Van der Waals and watermediated interactions in the interface is consistent with the 
The phasing power is defined as the ratio of the root-mean-square value of the heavy atom structure factor amplitudes to the root-mean-square value of the lack-of-closure error.
d Data set was collected at SRS beamline 14.1 at 12.686 keV. e Data set was collected at ESRF beamline BM30A (FIP) at 12.6886 keV. f R cryst and R free ϭ ⌺͉F obs Ϫ F calc ͉ / ⌺ F obs ; R free calculated with the percentage of the data shown in parentheses. g Root-mean-square deviations for bond angles and lengths in regard to Engh and Huber parameters. Table I ). The maps illustrate a slab from the UEV (yellow)/Ub (white) interface. B, the ribbon diagram of the Vps23 UEV domain is colored in rainbow colors from blue (N terminus) to red (C terminus). The bound ubiquitin (Ub) is shown in gray. C, the Ub is shown in solid representation with Ile-44, which is located at the center of the UEV-interacting surface and is essential for endocytosis, highlighted in purple. The Vps23 UEV is colored as in B. Ala-127 (A127), analogous to the catalytic cysteine of the E2 ligases, is represented as an orange sphere.
low affinity (Ͼ500 M) of the Tsg101 UEV/Ub interaction measured in solution (25, 54) . The importance of the ␤-hairpin tongue in interactions with the bound Ub is consistent with the NMR chemical shift changes reported for the Tsg101 UEV upon Ub binding and with the effects of site-specific mutagenesis (54) .
Both Unique and Commonly Exploited Ub Surfaces Interact with the ESCRT-I UEV-Ubiquitin
presents two adjacent patches for interaction with the Vps23 UEV. One of the patches is a largely hydrophobic Leu-8 Ub /Ile-44 Ub /Val-70 Ub patch, which makes important contacts with the ␤-hairpin tongue, whereas the other is a predominately hydrophilic Asn-60 Ub / Gln-62 Ub /Glu-64 Ub patch, which contacts residues in the vestigial active-site loop. Together, these patches represent the most extensive UEV/Ub interaction in the crystal and include the loops ␤1 Ub /␤2 Ub , ␤3 Ub /␤4 Ub , and ␤4 Ub /␤5 Ub and residues from strands ␤3 Ub and ␤5 Ub (Fig. 2B) . Consistent with our structure, a recent report showed that mutations of Ub residues in either of these patches reduce binding to the Vps23 UEV (29) . Interestingly, no single point mutation of Ub had a measurable effect upon Vps23 UEV binding. However, double mutants in either the hydrophobic patch (L8A/V70A) or the hydrophilic patch (Q62A/E64A) reduced binding to Vps23 UEV. A complete loss of binding was observed when mutations in the hydrophilic patch were combined with a hydrophobic patch mutation (Q62A/E64A/I44A) (29) . All of the Ub residues whose mutation reduced binding to Vps23 UEV are in contact with the Vps23 UEV in our crystal structure (residues 8 Ub , 44 Ub , 62 Ub , 64 Ub , 70 Ub ).
The Leu-8 Ub /Ile-44 Ub /Val-70 Ub hydrophobic patch is important both in endocytosis of mono-ubiquitinated proteins and proteasomal degradation of polyubiquitinated proteins (55) . Ub Ile-44 Ub , which is near the center of the hydrophobic surface patch, and residues near it are important for interactions with Ub-binding modules NZF, CUE, UBA, and UIM (34 -41, 43) .
Although the hydrophobic patch interacts with many Ub-binding domains, including those of Vps27 (43), it appears that the hydrophilic patch of Ub encompasses residues forming interactions specific for ESCRT-I UEV relative to Vps27 (Fig. 2B) , because the Q62A/E64A double mutation did not affect Vps27 binding (29) .
Lys-48 Ub of the Ub bound to Vps23 UEV has a greatly restricted access, suggesting that the Vps23 UEV might prevent the covalent addition of another Ub to Lys-48 Ub of the ubiquitinated cargo. However, restricted access of Lys-48 Ub is not a signature of mono-ubiquitin recognition because the Vps27 UIMs also recognize mono-ubiquitinated cargo, but the structure of the Vps27 UIM/Ub complex showed that Lys-48 Ub is well exposed to solvent (43) . In contrast to Lys-48 Ub , Lys-63 Ub is fully exposed in both the Vps23 UEV/Ub and Vps27 UIM/Ub complexes. This may be related to the observation that Lys-63 Ub polyubiquitination stimulates endocytosis of yeast uracil permease (10) .
The UEV Domains Share a Common Fold but Use This Fold to Make Diverse Interactions-The structure of the Vps23 UEV domain has an overall fold that is similar to the two other structurally characterized UEV domains, human Tsg101 (54) and Mms2 (56, 57) (Fig. 5, A and B) . Furthermore, the UEV domains have a core structure that agrees closely with the E2 Ub-conjugating enzymes (UBC) (Fig. 5C ; Refs. 54, 58 -64). However, there are two prominent differences between the Vps23 and Tsg101 UEV domains and either the Mms2 UEV or Ubc13. Both the Tsg101 UEV (54) and the Vps23 UEV have strands S1 and S2 extended into a ␤-hairpin tongue, and both have an additional N-terminal helix. These features are critical to molecular recognition by the UEVs. The ␤-hairpin tongue is central to the unique interactions that the Vps23 UEV makes with Ub. Consequently, it is not surprising that the structure of this loop is unique for the ESCRT-I UEVs as compared with other UEVs and E2 ligases. The S1-S2 loop in the Mms2 does not form an extended ␤-hairpin tongue. Instead, this region forms a squat loop that projects nearly perpendicularly to the direction of the S1 and S2 strands and away from the core of the Mms2 UEV to interact with E2 Ub-conjugating enzyme Ubc13 ( Fig. 5B ; Refs. 56, 57) . Similarly, the S1-S2 loop of Ubc13 interacts with Mms2, and the bound Mms2 covers a surface of Ubc13 analogous to the Vps23 UEV surface interacting with Ub (Fig. 5C) . The additional N-terminal helix of the Vps23/ Tsg101 UEVs lays against the core structure in a location analogous to the region in Mms2 that interacts with the Ubc13 (Fig. 5, A and B) . Consequently, Vps23/Tsg101 UEVs cannot act as partners of Ubc13.
Binding Ub Seems to Induce Conformational Changes in the UEV Tongue and Lip-Relative to the Tsg101 UEV structure determined in the absence of Ub (54), both the ␤-hairpin tongue and the lip move toward each other to engage the bound Ub in a pincer-like fashion (Fig. 5A) . The large differences in the relative positions of the ␤-hairpin tongue and the lip in the Vps23 UEV/Ub complex in comparison to the Tsg101 UEV in the absence of Ub suggest that there are conformational changes induced by Ub binding (Fig. 5A) . Consistent with this suggestion, there are residues showing large Ub-induced chemical shift changes in Tsg101, e.g. residue Trp-75 Tsg101 (equivalent of Trp-86 Vps23 ), which both mutational analysis (54) and our structure indicate are not involved in direct Ub interaction.
Among the UEVs, the Vestigial Active-site Loop Assumes Diverse Functions and Conformations-The region between strand S4 and helix H3 has been referred to as the "vestigial active-site loop" because it is analogous with the region containing the active-site cysteine in the E2 ligases. This loop, which is highly variable in sequence among the UEVs and E2 ligases, forms pivotal interactions with Ub and much of the PTAP interaction with the Tsg101 UEV (65) . The lip is a loop in the C-terminal half of the vestigial active-site loop and it constitutes a distinct structural element common to the E2 ligases and the UEVs (Fig. 5) . Ala-127 Vps23 at the base of the lip is homologous to the conserved catalytic cysteine residue in the active site of the E2 ligases (Fig. 5) .
Although the Tsg101/Vps23 UEV has no catalytic activity, the lip region has a conformation that fairly closely agrees with the E2 ligases (Fig. 5) . However, in the Vps23 UEV/Ub complex compared with the Tsg101 UEV, the lip is displaced by a hinge-type motion around two hydrophobic residues (Ile-120 Vps23 and Ile-126 Vps23 ) that anchor the base of the loop into the core of the domain (Figs. 5A and 6 ). This hinge motion brings the Vps23 UEV lip into contact with ubiquitin. The apparent hinge motion of the lip of the Vps23 UEV compared with Tsg101 is likely because of the presence of the bound Ub because the lip region of these two proteins shows relatively little sequence variation. The role for the Vps23 lip of the vestigial active-site loop in Ub recognition is likely to be conserved in Tsg101 because some chemical shift changes were observed in the Tsg101 vestigial active-site loop. Although no specific residues involved in this interaction were identified in the NMR study (54) , site-specific mutagenesis of Phe-88 Tsg101 just preceding the vestigial active-site loop was shown to greatly decrease the affinity for Ub. The Vps23 residue whose backbone position most nearly superimposes on Phe-88 Tsg101 , Ser-99 Vps23 , is not involved in Ub binding; however, the bulky side chain of the lip residue Trp-125 Vps23 occupies the space analogous to that occupied by the Phe-88 Tsg101 side chain, and Trp-125 Vps23 forms key interactions with Ub (Fig. 4) . In addition to its likely role in interacting with Ub, the lip of the Tsg101 UEV also has a role in supporting the N-terminal part of the vestigial active-site loop (referred to as the S4/lip loop) that is critical for PTAP-motif binding. The hinge angle of the lip of the E2 ligase Ubc13 is very similar to that of the Tsg101 UEV lip (Fig. 5) . However, the function of the lip in the E2 ligases and the UEVs is quite different. In the Ubc13, the tip of the lip interacts with the Mms2 UEV in the Ubc13/Mms2 heterodimer (Fig. 5C) .
Two Distinct UEV Surfaces Accommodate Ub and Hrs/ Vps27-The vestigial active-site loop bisects the concave surface of the UEV ␤-sheet. On either side of this loop, the surface of the ␤-sheet curves away to present two exposed, concave surfaces (Fig. 6) . One concavity contains Ub, which interacts with the ␤-hairpin tongue and one face of the vestigial activesite loop (the lip in particular). The second concavity bordered by the opposite face of the vestigial active-site loop is broadly analogous to the PTAP-binding groove of the Tsg101 UEV (Fig.  6 ). The P(T/S)AP-like motifs are present in adaptor proteins Vps27 and Hrs and are used for direct interactions with Vps23 and Tsg101 UEVs, respectively. The Vps23 UEV interacts with PSDP and PTVP sequence motifs in Vps27 (28, 29) , whereas the Tsg101 UEV interacts with the PSAP motif of Hrs (and the PTAP motif present in the HIV-1 p6 protein) (30 -32) . Therefore, it is likely that this second concavity of the Vps23 UEV accommodates a PSDP or PTVP motif in a manner analogous to the Tsg101/P(S/T)AP interaction. The great sequence divergence in the N-terminal half of the vestigial active-site loop between the Vps23 and Tsg101 UEVs (including a six residue insertion in Vps23 relative to Tsg101) might explain their binding to related, but distinct PXXP motifs.
CONCLUSIONS
The structure of the complex between the Vps23 UEV and Ub shows clearly the detailed interactions that lead to specific Ub recognition. Two structural elements from the Vps23 UEV, the extended ␤-hairpin tongue and the vestigial active-site loop, comprise a bipartite interaction with the Ub. Although the ␤-hairpin tongue contacts a hydrophobic patch on the surface of the Ub that is involved in interaction with a broad range of Ub-interacting domains, including the Vps27 UIM domains, the ESCRT-I UEVs also contact a predominately hydrophilic Ub patch that is not involved in the Vps27/Ub interactions ( 2B). The partial overlap of the Vps27 and Vps23 interactions with the hydrophobic patch on the Ub indicates that these proteins cannot simultaneously interact with the same Ub moiety. This suggests a sequential model in which Vps27 initially engages ubiquitinated cargo, localizing it within flat clathrin-coated patches on the endosomal surface (reviewed in Ref. 66) , and then the ubiquitinated cargo is passed to ESCRT-I prior to the inward budding of the limiting endosomal membrane to generate MVBs. The structure provides a clear view of the distinct surfaces on both the ESCRT-I UEVs and Ub that can be targeted for specific disruption of either Vps23/Tsg101-or Vps27/Hrs-dependent steps in ubiquitinated cargo sorting. Further structural insights into the interactions of Ub with a range of Ub-recognition modules may facilitate the design of Ub mutants affecting other specific Ub-dependent pathways. Structural studies of the intact ESCRT-I complex with ubiquitinated cargo will shed more light on the mechanism whereby this complex assists in sorting cargo into MVBs.
